BACKGROUND: One of the most studied actions of juvenile hormone (JH) is its ability to modulate ecdysteroid signaling during insect development and metamorphosis. Previous studies in mosquitoes showed that 20-hydroxyecdysone (20E) regulates vitellogenin synthesis. However, the action of JH and its mimics, e.g. methoprene, on female reproduction of mosquitoes remains unknown.
INTRODUCTION
Juvenile hormone (JH) and ecdysteroid (20-hydroxyecdysone, 20E , is an active ecdysteroid) are two major hormones that coordinately regulate insect growth, development, reproduction and other physiological processes. In anautogenous mosquitoes such as Aedes aegypti L. that require a blood meal to initiate oogenesis, ecdysteroids play a major role in regulating female reproduction, especially yolk protein synthesis and deposition during the vitellogenesis stage (see Ref. 1 for a review). In Ae. aegypti, blood meals activate ecdysteroid biosynthesis in ovarian follicle cells. The ecdysteroids are then released into the hemolymph, taken up by the fat body and converted into 20E, which regulates the transcription of vitellogenin (Vg), a yolk protein precursor, in the fat body. The ecdysteroid titers in female Ae. aegypti are correlated with vitellogenin synthesis and the expression patterns of genes involved in 20E action in the fat body. 1, 2 The isoform-specific expression patterns of several ecdysone-regulated genes of Ae. aegypti [e.g. ecdysone receptor (AaEcR) and ultraspiracle (AaUSP)] suggest that there are distinct physiological functions for each isoform of receptors during vitellogenesis. 3 -5 The expression of Ae. aegypti hormone receptor 3 (AaHR3) correlates well with the ecdysteroid titers and Vg production with a peak at 24 h post blood meal (PBM). 6 Furthermore, 20E induces the expression of AaHR3 gene in the previtellogenic fat body in vitro. Several lines of evidence suggest that AaEcR and ecdysone-induced protein 75 (AaE75) can bind directly to the promoter of the Vg gene and activate its transcription after a blood meal. 7, 8 In contrast, JH is the main player in regulating vitellogenin gene expression in the fat body and its uptake into the ovaries in several other insects such as locusts and cockroaches. 9, 10 JH stimulates Vg synthesis in the fat body of the German cockroach, Blattella germanica (L.). 11 In mosquitoes, it appears that JH acts mainly at the previtellogenic stage, an arresting stage before a blood meal. Corpora allata (CA), the source of JH, were found to be required during the previtellogenic phase, but not after a blood meal, for proper egg development. 12, 13 Methoprene, a JH analog, has been commercially used as a mosquito larvacide for decades. Most of the methoprene-treated mosquitoes die during the pupal stage. 14 In Ae. aegypti, methoprene can block midgut remodeling during the larval-pupal transition by interfering with the expression of genes involved in 20E action. 14 The expression of many key genes such as EcRB, USPA and HR3 that are involved in 20E action was downregulated by methoprene treatment. However, it is not known whether methoprene can also modulate 20E action in adult insects.
The African malaria mosquito, Anopheles gambiae Giles, is the most important vector of malaria, which is responsible for more than 1 million deaths per year. 15 As most of the endocrinology studies on hormonal regulation have been concentrated on Ae. aegypti, little is known about hormonal regulation of female reproduction and vitellogenesis in A. gambiae. In this study, ecdysteroid titers in the female mosquito were measured, and an ecdysteroid peak was detected at 12 h PBM. The expression patterns of ecdysone-regulated genes, such as EcR, HR3 and Vg, were correlated with ecdysteroid titers. Furthermore, topical application of methoprene delayed egg maturation and downregulated the expression of genes involved in 20E action during the first gonotrophic cycle. Taken together, these data showed that methoprene downregulates the expression of genes involved in 20E action and causes delay in vitellogenesis and egg maturation in A. gambiae.
MATERIALS AND METHODS

Mosquito strain and rearing
Anopheles gambiae G3 strain (catalog number MRA-112; deposited by Dr Mark Q Benedict) was obtained from the MR4 (Malaria Research and Reference Reagent Resource Center) and reared at 27
• C with a 16 : 8 h light : dark cycle. Larvae were fed on a diet of Cichlid Power Flakes (M Reed Enterprises, Sutter Creek, CA). Newly emerged adults (200-300) were placed in an approximately 2 L plastic cylindrical cage and fed on 10% sucrose. Blood feeding on rat was used for initiating vitellogenesis.
Determination of ecdysteroid titers
Ecdysteroid titers in the whole samples were determined as previously described. 16 -18 Briefly, staged individual female mosquitoes were collected and homogenized in 250 µL of icecold 75% aqueous methanol and centrifuged at 13 000 × g at 4
• C for 15 min. Supernatant was transferred to 6 × 50 mm borosilicate glass tubes. Pellets were resuspended in an additional 100 µL of methanol and kept on ice for 30 min. After centrifugation as above, the supernatant was combined with the previous sample accordingly. Samples were dried using a Speed-Vac and stored at −20 • C until measurement of ecdysteroid titers. An enzyme immunoassay (EIA) was used to estimate ecdysteroid titers. The EIA was performed in a 96-well microtiter plate and was based on the competition between ecdysteroid (in standards or samples) and a known amount of peroxidase-labeled conjugated ecdysone for the ecdysteroid antiserum that had been bound to the IgGcoated wells. The linear range of the assay was 0.5-40 pg. The ecdysteroid antiserum used in the EIA had a high affinity for α-ecdysone (E), 20E, makisterone A, 20,26-dihydroxyecdysone, 26-hydroxyecdysone and 3-dehydroecdysone, but did not detect polar conjugates.
RNA isolation and cDNA synthesis
Total RNA was extracted from the abdominal fat body isolated from five female mosquitoes per stage using TRI reagent (Molecular Research Center Inc., Cincinnati, OH). Total RNA was then treated with DNase I (Ambion, Austin, TX) in a 50 µL total reaction volume following the manufacturer's protocol. RNA concentration and purity were assessed using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA). cDNA synthesis by reverse transcription was performed using 2 µg of DNase I-treated RNA and iScript cDNA synthesis kit (Biorad Laboratories, Hercules, CA) in a 20 µL reaction volume. 19, 20 Both the PCR efficiency and the correlation coefficient were taken into account prior to estimating the relative gene expression. Mean and standard errors for each time point were obtained from the averages of three independent biological replicates.
Measurement of follicle length
Ovaries from different developmental stages were dissected in 1 × PBS. The individual primary follicle was separated and photographed using an Olympus CKX41 inverted microscope with DP12 digital microscope camera (Melville, NY). Follicle images were processed, and follicle lengths were measured using ImageJ software (National Institute of Health, NIH). Follicle lengths of 6-8 female mosquitoes were measured at each stage.
Methoprene treatment
Methoprene (isopropyl (E,E)-(RS)-11-methoxy-3,7,11-trimethyldodeca-2,4-dienoate) was a gift from Wellmark International (Dallas, TX). Stock methoprene was dissolved in cyclohexane at a concentration of 1 µg µL −1 and stored at −20 • C until use. Bloodfed female mosquitoes collected at 6 h post blood meal (PBM) were briefly chilled on ice before methoprene treatment. Approximately 0.2 µL of various concentrations of methoprene was applied topically to the lateral side of the abdomen. All untreated controls received 0.2 µL cyclohexane. Ovaries were dissected, and the length of primary follicles was measured as in Section 2.5 at 48 h PBM (42 h after methoprene treatment). Total RNA was extracted from pools of fat body collected from five insects at 18 h PBM (12 h after methoprene treatment). cDNAs prepared from the RNA were used in qRT-PCR.
Statistical analysis
Student's t-test and analysis of variance were performed using JMP 8.0 (SAS Institute Inc., Cary, NC) to examine significance of the differences among treatments (α = 0.05). Pairwise comparisons were made using the Tukey-Kramer HSD method. 
RESULTS
Ecdysteroid titers before and after a blood meal
In anautogenous mosquitoes, 20E plays an important role in the synthesis of Vg in the fat body during vitellogenesis. 1 A blood meal is considered as the signal that activates 20E cascade and Vg gene transcription. Whole-body ecdysteroid titers were measured using an EIA assay 16 -18 during the first gonotrophic cycle. As shown in Fig. 1A , whole-body ecdysteroid levels in the female mosquitoes were low (less than 10 pg insect −1 ) before a blood meal. Immediately after a blood meal on the fourth day after adult eclosion, whole-body ecdysteroid levels increased dramatically to 82.8 pg insect −1 by 3 h PBM, and to 108 pg insect −1 by 6 h PBM. The maximum level of whole-body ecdysteroids was detected at 12 h PBM (about 328.7 pg insect −1 ). The ecdysteroid levels then decreased gradually and reached 16.5 pg insect −1 by 48 h PBM, when eggs were fully mature and females began oviposition. These data suggest that a blood meal triggers the biosynthesis and secretion of ecdysteroids in female A. gambiae.
Expression profiles of ecdysone-regulated genes and Vg gene
To study the role of 20E signaling during vitellogenesis of A. gambiae, key genes involved in 20E action were identified using bioinformatics approaches, and their mRNA levels were quantified using qRT-PCR. Anopheles gambiae genome sequences deposited in NCBI were searched using sequences of homolog genes from Ae. aegypti. The authors identified three ecdysoneregulated genes, ecdysone receptor (AgEcR, GenBank accession no. XM 320323), ultraspiracle (AgUSP, GenBank accession no. XP 320944) and hormone receptor 3 (AgHR3, GenBank accession no. XM 319750), and one vitellogenin gene (AgVg, GenBank accession no. AAF82131) ( Table 2 ). As there are two isoforms of EcR and USP genes in Ae. aegypti, amino acid identity between two species was compared. It was found that AgEcR is closer to AaEcRB (59.3%) and that AgUSP is similar to AaUSPA (82.6%). Especially in the 5 -end, AgUSP and AaUSPA share a high similarity. Total RNA was extracted from fat bodies attaching to the abdominal integument (hereafter referred to as the fat body) at various stages, and mRNA levels were quantified using qRT-PCR. AgVg mRNA levels increased significantly by 12 h PBM and reached the maximum levels by 24 h PBM (Fig. 1B) . The Vg mRNA levels started to decrease by 36 h PBM and reached the minimum levels by 48 h PBM (Fig. 1B) . Lower levels of AgEcR mRNA were detected prior to a blood meal in female adults at 4 days post adult eclosion (PE4D) (Fig. 2A) . The AgEcR mRNA levels increased significantly by 12 h PBM, and then the mRNA levels decreased by 24 h PBM. In contrast, no significant differences were detected in the mRNA levels of AgUSP, a heterodimer partner for EcR, in the fat body dissected from insects prior to a blood meal or 12 h PBM and 24 h PBM (Fig. 2B) . Interestingly, the mRNA levels of AgHR3, an early-late gene in 20E action, were lower prior to blood meal and started to increase after blood meal and reached the maximum levels by 24 h PBM (Fig. 2C) . These data show that the expression patterns of Vg gene as well as genes involved in the 20E action cascade are correlated with ecdysteroid titers, suggesting that 20E action cascade and Vg synthesis are activated after a blood meal in female A. gambiae.
Methoprene delays egg maturation
JH is one of the key hormones that regulate previtellogenic ovarian development in mosquitoes. 9, 10 In Ae. aegypti, JH levels increase during the first 2 days after adult eclosion, and then the levels decline rapidly after a blood meal and remain low during vitellogenesis. 21 One of the JH analogues, methoprene, has been widely used as a larvacide for controlling mosquitoes. Various doses of methoprene (1 ng, 10 ng, 50 ng female −1 ) were topically applied to the abdomen of female adults at 6 h PBM. The primary follicle length increased rapidly after a blood meal and reached the maximum size at 48 h PBM in control insects that received no methoprene treatment (Fig. 3) . As shown in Fig. 4E , the primary follicle length in methoprene-treated mosquitoes at 48 h PBM was significantly shorter than the length of the follicles in the control mosquitoes. Ovaries from control mosquitoes dissected at 48 h PBM contained fully mature oval-shaped eggs (Fig. 4A) . In contrast, the primary follicles of methoprene-treated mosquitoes were still round in shape, and the size of these follicles was similar to that of the follicles of the ovaries dissected from control mosquitoes at 24 h PBM (Fig. 3) . Interestingly, the digestion of blood meals in the midgut was not affected by methoprene treatment (see the midgut pictures in Figs 4A to D) . Although methoprene application did not completely block yolk deposition, it did delay egg maturation and the growth of primary follicles.
Methoprene modulates expression of ecdysone-regulated genes
To understand whether the delay in oocyte maturation caused by methoprene treatment is due to the block of yolk protein production and deposition, the authors measured and compared expression of ecdysone-regulated genes and Vg gene in the fat body dissected from both control and methoprene-treated (10 ng female −1 ) insects at 18 h PBM. As shown in Fig. 5 , methoprene treatment suppressed the expression of AgEcR, AgUSP, AgHR3 and AgVg genes. The mRNA levels of AgHR3 were 7.6-fold lower in methoprene-treated mosquitoes than in cyclohexane-treated control insects. Although AgVg mRNA was only downregulated 1.4-fold by methoprene, the reduction in Vg mRNA levels may have affected yolk protein synthesis and deposition, resulting in a delay in oocyte maturation.
DISCUSSION
Hormonal regulation of female reproduction and vitellogenesis has been well studied in many holometabolous insects, including the yellow fever mosquito, Ae. aegypti. 20E and JH are two major hormones that regulate oocyte development in the ovary and Vg synthesis in the fat body. 1, 11 However, this information is lacking for the major malaria vector, A. gambiae. The data reported here suggest that blood meals activate 20E cascade and vitellogenesis, and the JH mimic methoprene delays egg maturation and vitellogenesis by modulating the expression of ecdysone-regulated genes in female A. gambiae. This common theme across taxa suggests conserved cross-talk between 20E and JH in controlling female reproduction in insects. In Ae. aegypti, blood meals trigger ecdysteroid biosynthesis in ovaries. The hemolymph ecdysteroid titers reach their maximum level at 18-20 h PBM (270 pg female −1 ). 22 In the present studies, the peak of ecdysteroid titers appears at 12 h PBM (328.7 pg female −1 ), which is similar to the data reported for Ae. aegypti. A recent study showed that ovarian ecdysteroid secretion in A. gambiae reached the maximum at 18 h PBM with a secretion of 142 pg ecdysone equivalents/ovary pair/5 h. 23 These studies also showed that ovaries from 24 h PBM insects secreted both E and 20E. Hagedorn et al. 22 were the first to discover that the ovaries of female Ae. aegypti are the source of ecdysteroids and 20E is the active form that stimulates Vg synthesis in the fat body. Only 20E, but not E, was found in the extracts of whole mosquitoes. This suggests that E is converted quickly into 20E following its release from the ovary. In contrast, the ovaries of A. gambiae secrete a 1 : 3 mixture of E and 20E, and no free E or 20E is stored in the ovaries. 23 www.interscience.wiley.com/journal/ps It is also interesting that the AgVg gene expression pattern is correlated with the ecdysteroid titers. The peak of AgVg mRNA was at 24 h PBM, 12 h following the appearance of the ecdysteroid peak, suggesting a tight relationship between ecdysteroids and Vg synthesis.
In Ae. aegypti, 20E stimulates Vg synthesis in the fat body by acting through its receptor complex (EcR/USP) and a number of transcription factors involved in the 20E action cascade. In this study, a correlation was observed between ecdysteroid titers and the expression pattern of AgEcR gene, suggesting that, soon after synthesis and secretion, ecdysteroids induce the expression of their own receptors. 20E induction of its receptor gene has been reported in several other insect species. 24, 25 The expression of AgHR3 was high at 24 h PBM, 12 h after the peaks of ecdysteroid titers and AgEcR mRNA levels. HR3 is considered as an early-late gene, which means that it is expressed after early genes such as E74, E75 and broad. HR3 can interact with EcR and βFTZF1 and function as a switch that defines the larval-prepupal transition in Drosophila melanogaster Meig. 26 In Ae. aegypti and many other insects, HR3 gene expression is activated by 20E. 6, 27, 28 The correlation between ecdysteroid titers and expression of key genes involved in the 20E action cascade suggests that, in A. gambiae as in Ae. aegypti, ecdysteroids are one of the primary regulators of Vg synthesis.
JH is another key hormone that plays critical roles in regulation of insect metamorphosis and reproduction. In many cases, JH has antagonistic effects on 20E action. Exogenous application of methoprene blocks pupal cuticular protein synthesis and prevents metamorphoses in lepidopteran insects. 29, 30 Methoprene application downregulates the expression of ecdysone-regulated genes in midgut tissues and blocks programmed cell death (PCD) of larval midgut cells in Ae. aegypti 14 and Heliothis virescens F. 31 JH also controls a wide variety of biological functions in adult insects, including vitellogenin synthesis in the female fat body, patency of the ovarian follicular epithelium 9, 10 and protein synthesis in the male accessory glands. 32 In mosquito, JH titers are high during the previtellogenic stage at 2 days after adult eclosion, suggesting an important regulatory role of JH during that stage. 21 A priming role for JH on the previtellogenic fat body has been proposed, as the mosquito fat body without prior exposure to JH loses its responsiveness to 20E. 1 A blood meal causes an immediate decrease in JH levels when ecdysteroids and Vg synthesis begin. 1 In the present study, as little as 1 ng methoprene topically applied to female mosquitoes caused at least 24 h delay in egg maturation. At 48 h PBM the primary follicles in untreated mosquitoes were nearly 50% larger than the follicles in methoprene-treated mosquitoes. The primary follicles in methoprene-treated mosquitoes were still 33 In this study, the transcription of genes involved in regulation of Vg synthesis, such as AgEcR and AgHR3, is downregulated in methoprene-treated insects, which may be due to the inhibition of 20E action by methoprene treatment. On the other hand, methoprene may inhibit ecdysteroid biosynthesis. The inhibition of ecdysteroid secretion from the prothoracic gland by JH or its analogues during the final-instar larval stage has been reported in some lepidopterous insects. 34, 35 In addition, the expression of AgVg was nearly 30% suppressed by methoprene treatment. The reduction in vitellogenin synthesis in the fat body may result in a decrease in Vg (or yolk protein) deposition, consequently delaying egg maturation. Based on the present data, the authors propose a model for methoprene action in reproduction of A.gambiae (Fig. 6) . It is proposed that methoprene affects A. gambiae reproduction by downregulating the expression of genes involved in ecdysteroid action and/or synthesis and secretion of ecdysterioids. The data included in this paper provide strong evidence for methoprene downregulation of expression of genes involved in ecdysteroid action.
Although it is proposed that delaying egg maturation is probably related to reduction in Vg synthesis in the fat body, it cannot be ruled out that methoprene might target tissues other than fat body, e.g. ovary. Exogenous JH application can irreversibly block follicular maturation in Ae. aegypti, when application is done before 24 h PBM. 36 20E also controls the formation of the vitelline envelope 37, 38 and the separation of the secondary follicle from the germarium in Ae. aegypti. 38 Ecdysone-regulated genes, such as EcR, are found to be highly expressed in the ovaries after a blood meal in Ae. aegypti. 3 Therefore, methoprene could affect 20E action in ovaries and block follicle maturation. The direct action of methoprene on oogenesis needs further investigation. In summary, ecdysteroid titers of whole mosquito extracts and expression profiles of ecdysone-regulated genes of A. gambiae are similar to those of Ae. aegypti. In addition, it was found that methoprene can delay egg maturation and downregulate the expression of ecdysone-regulated genes in A.gambiae. The present results suggest that methoprene could be used for the control of A. gambiae, the major malaria vector, by interfering with egg maturation. Furthermore, knowledge of hormonal regulation of female reproduction in A. gambiae would lead to the identification of new target sites for mosquito control.
